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Final Report

1.1.Introduction/Summary

The studies and analysis discussed in the quarterly reports on the program (Sections
2 and 3) indicate that there are strong advantages for the use of high temperature
superconductors for the signal interconnections in large, very high density
2-dimensional multi-chip modules of the tvpes illustrated in Fig 1-1. MCMs is
described in detail in Section 3.1, an analysis of the number of signal interconnect
layers versus MCM size for maximal density (surface "tiled" width IC chips with
minimal spacing between them) square MCMs. The comparison, between room
temperature copper and HTSC interconnect materials, is based on a number of
assumptions described in detail in that section. The assumptions include: 1) chip
[/O counts uetermined from Rent’s rule as published by IBM for high performance
chips (eg. 370 I/O’s for a 10,000 gate chip, taken to be 0.6 cm square), 2) average
wire lengths from Donath model with Rent’s rule exponent of p = 2/3, 3) a
conductor width of W, a thickness of W/2 and spacing of 3W, where W is the same for
all conductors and selected to meet line resistance limitations, 4) a 40% utilization
of theoretical channel space by actual interconnects (40% wiring efficiency), 5) the
longest lire does not exceed two times the MCM size (ie., corner to corner line with
“Manhattan" wiring with no "wrong way" routing. 6) both the dc and 300 MHz ac (eg;
3rd harmonic of @ 100 MHz clock; copper skin effect losses get worse as the square
root of frequency), 7) a room temperature bulk resistivity (1.68 4 Q-cm) value is
assumed, and 8) a maximum allowable resistance for the worst case line of 10 ohms
(adequately small in comparison to the characteristic impedance for either

ahi

load-terminated or source-terminated interconnects).
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As described in the text, the analysis indicates that under these assumptions, a 6-inch
square MCM tiled with 10K gate chips mounted on a 0.635 c¢m pitch would hold 576
chips (24 rows and columns), but would require 62 layers of room temperature
copper signal lines to complete the over 100,000 interconnects between chips. With
the usual triplate configuration (one layer of X and one layer of Y direction signal
lines sandwiched between pairs of ground [reference] planes), the total number of
metal (including ground) layers would be 93! While IBM uses 63 layers for thei
Enterprise System 9000 modules, these have available a full set of "E-C"
(engineering change) pads on the surface with which patch and repair strategies can
be executed. (These, of course, greatly reduce the number of chips that can be
mounted on the MCM - eg., 121 for the 5" IBM boa.ds). Creating defect-free boards
with 93 metal layers would appear, from a manufacturing standpoint, highly
un-feasible, to sav the least.

With high temperature superconducting interconnects, on the other hand, this same
maximal density 6" MCM can be wired using only 2 levels of signal interconnects

rall

(one "X" and one "Y"). This is possible by reducing the width of the signal lines to
levels (eg., W or = 1.5 um—2um) limited by photolithography rather than line
resistance (W or = 50 «m for copper). Obviously, even with only two signal
interconnect lavers it will not be easy to make the 1.5 miles of signal lines on a 6"
MCM completely free of defects, but with only one X and one Y layer of lines, it
should be practical to develop laser or other repair strategies to handle modest

numbers of defects afte. ~ompletion of the boards.

The attraction of the HTSC interconnect MCM, then. is that lar; = "system on a
substrate" sized maximal density MCMs could be simply manufactured with only two
signal layers (using board repair strategies to deal with material and processing
defects). The payoff for putting everything in the same 1st-level (MCM) package is
avoiding the large inter-package delays involved in passing through the second level
(eg., circuit board level) of packaging when the IC chips must be divided among
many MCMs. S'nce usually the interconnect delays are not more than 25% to 40%
of the cycle time, simply reducing interconnect delays without corresponding
reductions in the logic delays in the 1Cs would not buy that nuctin the way ci sys' em

Applicability of Superconducting Interconnection 1-2
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performance. (In principle, however, sharply reducing the required total MCM area
and the number of MCMs [typically to only one], and largely eliminating a whole
level of packaging, should be capable of sharply reducing system costs [offset to

| some degree by the cost of cryogenic cooling]). In fact, however, suitably designed
1 IC chips have much shorter legic delays when operated at liquid nitrogen (77°K)
| temperature than when operated at room temperature (2X to 3X faster for CMOS
is frequently cited). Hence, by shortening both the logic delay (which taken by itself
would not be too effective if the interconnect delay were not changed) and at the
same time reducing the interconnect delay (by mounting everything on a single
maximal density MCM), adoption of the HTSC MCM approach could lead to up to
3X speed improvements at the system level. Remembering that if the speed of a

that), it would appear that there is plenty of value margin to pay for the cost and
inconvenience of having to do cryogenic cooling.

‘ $1M machine is increased 3X it is worth at least $3M (sometimes much more than
|

1 Having established the motivation for undertaking HTSC MCM development, the
| next question to address is whether it is possible to make maximal density HTSC
“CMs. Asis noted at length in Section 3.2, because the digital pulse signal currents
arc typically of the order of 20mA, with a line width of only 1.5 to 2um , the signal
current densities (J_ = 10° A/cm®) and induced magnetic field densities ( ~ 100
Gauss) are high (though within the ranges denionstrated for high quality HTSC
MCM materials at 77°K), necessitating the use of top quality HTSC films for the
signal lines. Such quality levels are currently obtained in highly oriented (essentially
epitaxial) HTSC films. Asshown in Fig 1-2, even the simplest practical HTSC MCM
structures require at least 4 HTSC layers, separated by optimized dielectric constant
insulator layers. These HTSC materials such as YBCO and "Thallium" are complex
structured ceramics, very carefully prepared to obtain high performance. This is a
far, far cry from the simple organic or amorphous dielectrics and evaporated,
sputtered or plated metal interconnect lines used ir conventional MCMs.
Obviously, substantial advancements in the art and technology of HTSC materials
growth and processing will be required to make HTSC MCMs. In particular,
preparation of HTSC layers for signal lines on relatively low dielectric constant

wdy

insulating materials will be required in order that the signal propagation velocities

t Applicability of Superconducting Interconnection 1-3
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(which vary as £7%°) not be compromised. Fortunately, as shown in Fig.1-2, it is
possible to grow the first 3 layers of the HTSC MCM structure (power, high ¢_thin
dielectric, ground, low ¢_ thick dielectric and the first signal plane) "in-situ" (ie.,

without removing from growth system). The signal line must be patterned and the
next low dielectric constant layer deposited (and planarized if necessary) before the
top signal interconnect HTSC layer is grown and patterned. Note that the use of a
thin ( 7 1000 A® or so ) SrTiO, layer ( ¢ = 1000) between the power and ground

planes will give a power supply bypassing of about 1u«F/cm?, which is an enormous
advantage. Because there is no need (or really desire) to have the line resistance be
zero (under 1092 for the longest lines will suffice), the vis and pad layers can be
normal metals as long as the quality of the small area contacts to the HTSC luyers is
good. (Jack Ekin at NIST, Boulder has i de 2um x 2um contacts to YBCO which
handle at least 30mA with only 30 milliohms resistance, so this seems do-able.) As
shown in Fig. 1-2, such inter-layer vias can be processed last by "going over the top"
with the final, pad layer of normal metal (presumably repairs after completion can
be done in the same way). Hence it appears that HTSC MCMs can be realized by
fairly straightforward structures, though the actual technology development work
might lead to functionally equivalent structures quite different from Fig. 1-2. In any
event, the demands on the HTSC growth and processing technologies will be severe.
Table 1-1 reviews many of the demands on the HTSC technology for this ultra high
density MCM application.

Assuming that a viable HTSC MCM technology can be realized as a new advanced
packaging technology (and the probability that this can be done appears to be
getting better all the time), how would it fit in with more conventional and
alternative advanced packaging approaches in the world of MCM system
applications? Table 1-2 gives an overview of this comparison. Normal metal
interconnect technologies include both the "conventional" 2 to 6 signal layer
inexpensive MCMs (as manufactured, for example, by n-CHIP) and the "exotic" 10
to 40 signal layer MCMs (like the IBM Enterprise System 9000 MCMs mentioned
previously). Conventional metals will also be used (at least initially) for the signal

interconnects in the diamond substrate 3-dimensional interconnected advanced

Applicability of Superconducting Interconnection 1-4
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MCM packaging technology. In this approach, many thousands of vertical
interconnects are distributed over the areas of typically 4" x 4" diamond substrate
MCM boards which have large numbers of vertical vias through them, permitting

arbitrary high density X - Y - Z routing of signals in the stack of boards. With a
1 vertical stacking pitch of the boards of 2mm, there might typically be 50 boards in a
4" x 4" x 4" cube module. (The incredibly high thermal conductivity of diamond is
used to conductively extract the heat generated by the logic chips from the 3-D
module.) Because the interconnect distances between chips are so short in 3-D, this
technology is expected to be the speed champion, and it can support up to several
thousand VLSI chips per module. On tlie other hand, the large number of vertical
interconnections and vias required for 3-D will be more costly than if the requisite

number of chips can be packed on one 2-D substrate.

The HTSC MCM technology represents a very cost effective approach to achieving
! almost diamond 3-D levels of performance and numbers of VLSI chips in a very
' simple, straightforward way (given that the HTSC boards can be manufactured and

convenient cryogenic coolers developed). HTSC MCM boards require only 2 levels

of signal interconnects which should make testing and debugging, as well as bare
! board repair), fairly easy. HTSC MCM:s of the order of 6" to 8" (150mm to 200mm)
on a side should hold 500 to 1000 VLSI die. While only CMOS or GaAs chips
currently function properly at 80°K, in the future, Si - Ge "strained layer”
heteroepitaxial ECL or BICMOS technologies may also be useable. However,
because of the cryogenic speed enhancement of CMOS, near-ECL speeds can be
obtained with this workhorse VLSI/ULSI IC technology, enabling a very high level
of system performance to be realized in a very cost effective (particularly considered
on a price / performance basis) way. That is, of course, why there is so much
excitement about HTSC MCMs.

Applicability of Superconducting Interconnection 1-5
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1.1.1. Potential for Possible Technology
Alternatives for HTSC MCMs

It is important to remember that the reason for the attractiveness of HTSC MCM
packaging in terms of system performance, low cost, small size, etc., has nothing to
do with the interconnects being superconducting per se. It is just the fact that the
chips operate faster at 80°K and that the use of HTSC interconnects allows all of
them to be placed essentially shoulder to shoulder on a single very large, very high
density MCM which, because only 2 signal layers are required, should be reasonably
easy to manufacture, test and repair. If by some means it were possible to invent
some other new technology or combination of technologies which could duplicate
this same MCM size and density (and also operate at cryogenic temperatures) and
also be manufacturable, testable and repairable, then it could serve as well. Of
course, these alternatives may themselves be more difficult to develop than HTSC
MCMs, or have other disadvantages, but they are worth considering.

The first alternative would be copper interconnects cooled to 80°K. For pulse rise
times in the 40ps to 0.4ns range, the maximum signal frequency components are in
the 10° to 10'° Hz range. While room temperature copper (p = 1.68 4 Q-cm) has a
surface resistance, Rg of 8.3 mQ at 10° Hz or 26 mQ at 10'° Hz, at 77°K the R falls
to about 3.9 m2 at 10° Hz or 14 mQ at 10'° Hz, about a factor of 2 improvement
(these are measured Ry values, not simply scaled from the = 5 x reduction in
resistivity from 300°K to 77°K). To keep the series resistance of a wire of widith W
and length L to some maximum value, RMAX, we must have, from

L
Ruax = 7w R Eq. 1

Applicability of Superconducting Intcrconnection 1-6
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(ignoring the nonuniform current distribution on the wire and the area of the
sidewalls make, Eq. 1 approximate, but fairly accurate), so that the minimum width
makes Eq. 1 W, for a line is given by

_ LyaxRg

MIN ZRyiax Eqe 2

W

For example, for a 6" MCM w..h L, = 12 and taking R,,,, = 10, W, for
77°K copper would be W, ., = 59.4 #m (2.34 mils) at 10° Hz or W, = 213um um
(8.4 mils) at 10" Hz.

MIN

The analysis of the number of signal layers required for a maximal density MCM
discussed previously, and presented in detail in Section 3.1 assumed a very modest,
Ins signal rise time, using a 300 MHz frequency for the 300°K copper skin depth

calculation. For that case, a W,, . = 45.6 um line width was required for R

MIN MaX T
10 Q on the 6" MCM, which led to the requirement for 62 signal layers or 93 total
conductor layers. AT 77°K, then, for these relatively low 300 MHz frequency
components (short channel CMOS at 77°K will be much faster than Ins). the
number of copper layers could be halved (to 46 total), but considering more realistic
10” frequency components to be necessary, it would still require about the 93 layers
shown in the analysis. (The analysis was very kind to copper in assuming an effe ctive
wire periphery of 2W + 2t = 3W tfor t = W/2, whereas current crowding makes
Eqs. 1 and 2 [which assume a 2W periphery] actvally closer to correct.) H=nce, even
copper cooled to 77°K requires a very large number (probably un-manufacturable
number) of signal layers to create large (eg. 6") maximal density MCMs. It should
also be noted that no one, in my awareness, has demonstrated that a "conventional"
copper polyimide, (for example), MCM with many layers will be reliable in
temperature cycling 77°K.

Applicability of Superconducting Interconnection 1-7
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These signal layer requirements and their dependencies can be seen more
guaatitatively with a bit of analysis. For a maximum line length of L, ,, and |
assuming a line thickness of half of the width, W, with a normal metal resistivity, p, .

the minimum acceptable width to achieve an end to end resistance of R, ,,, will be

MAX
given by

W = \/ZpL

vax/ Ryax Eq.3

We note, for example, that the minimum acceptable line width, W, varies as the
square root of resistivity, p, which is the same p dependence as obtained for the high
frequency skin effect case of Eq. 2, due to the dependency of Rgin Eqs. 1 and 2 on
p, given by

R. = Vapu,f Eq. 4

S

where u = 47 x 10 in centimeter units (this equation ignored the complication of

anomaious skin effect which alters the low temperature Ry some what). In either
case, cooling copper from 300°K to 77°K allows about a 2x reduction in W and hence
2x reduction in the number of signal layers, as was discussed above.

While the dependencies of line width and required number of signal layers on metal
resistivity happens to be the same for the "dc" and "ac" (fully developed skin effect
sax O Lyao
which tend to be square root in nature for the "dc" case or proportional for the "ac"

conduction) cases, this is not the case for their dependencies on R

case. Note that in the plot of the required number of signal layers versus MCM size,
above an MCM size of 3" for room temperature copper, the 300MHz ac (skin effect
limited) curve rises above the "dc-only" curve. The point at which these depart
(crossover between dc and fully developed skin effect curves) occurs at a length, L,

obtained by equating Eqgs. 2 and 3 for W, and substituting Eq. 4 for R as

Applicability of Superconducting Inlerconnection 1-8
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_ 8 Ryyax

L =
‘@ muyf Eqy5

where as usual, f is the frequency of the highest frequency components. Lﬁq here is

interpreted as the approximate maximum length for which a Ry Ay Tesistance line
can be considered to be dc resistance dorinated subject to the above geometric
assumptions. (In the computer analysis, aii effective wire periphery of 3W, rather
than the more accurate 2W as used in Eqs. 1 or 2 was used, so that
ch ~ 18 R .y /T Ho f) was used instead of Leq ~ 8 Ry /THo f. Substituting

in the p = 1.68 x 10-6 Q - cm value for 300°K copper and f = 300MHz (and the
constant 18 as used in the computer analysis), gives Leq = 15.2 cm or 6", which is, of

course, L., for a 3" MCM, showing that Eq. 5 correctly gives the MCM size
separation point between the "ac" and "dc-only" curves. From Eq. 5 (using the
correct value of 8 for the constant), taking a more realistic f = 10° Hz, as
appropriate for T, = 0.4ns logic, the "ac" curve would pull away from the "dc-only”
curve above wire lengths of only 2 cm, and the number of required layers for a 6
MCM would be about 170 signal layers (256 total) for R, = 102, or about 80
signal layers (121 total) if the copper temperature were reduced to 77°K. For reallv
fast logic (eg. GaAs or Si-Ge ECL in the late 90’s), T, = 40 psor f = 10" Hz needs
to be considered. Here, cooled copper would require 286 signal layers (430 total) to

achieve R = 109 in the 12" lines for maximal density MCMs. These are, of

MAX
course, hope.zssly large numbers requiring impractically thick ‘wiring mats", even if
it were conceivable to yield them somehow. Hence, for higher performance logic
with higher signal frequencies, copper has very serious problems in attempting to

implement maximal density large MCMs.

A potential source of at least modest reduction in the number of normal metal (eg.,
77°K copper) signal interconnect layers required would be to alter the chip to chip
electrical interconnection scheme in such a way as to increase the allowable
maximum line resistance, R rame df R, Ax €an be increased by some factor, then for
skin-effect dominated frequencies, the number of layers can be proportionately
reduced (but never below the dc resistance limit, of course). When the dc resistance

Applicability of Superconducting Interconncction 1-9
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is the limitation, the number of signal layers required will drop as the reciprocal of
vax- Lhe value of Ry .o
more detail in Section 3.1, as the point for Z, = 50 €2, where dc noise margin in an

the square root of R = 10 €2 was obtained, as described in
internal - reference ECL - type (load terminated, as also used in GaAs)
interconnection approach begins to be significantly compromised, and which gives a
comparatively small loss in the leading edge amplitudes in source - terminated, open
circuit load (CMOS - type) interconnect approaches. For the latter case, it is well
known that if the source resistance is correspondingly reduced, a higher line
= Zg for Rygipcg = 0 if load
uax = d0Qinstead of Ry, ,
= 141 Q it would take substantially fewer numbers of signal layers to wire the MCM.

resistance can be tolerated, even up to Rl.lNE

capacitance effects are ignored. For this ideal case of R

While in fact here are serious problems with this approach, it is worth examining the
implications for MCM wireability anyway. Because the IC driver output impedance
tends to be nonlinear, and, of course, is non-zero, a realistic expectation might be
that the line resistance might be able to be increased, for Z_ = 50 Q, to 25 Q (with
a combination of IC driver impedance plus source termination resistor also equal to
25 €2 ) and still maintain fairly good pulse reflection characteristics. For the 6" MCM
example, the copper line width necessary to keep an L,,,, = 12"line to a 25 Q dc
resistance would, from Eq. 3, be 20.4 xm at 300°K, or about 9.2 «m at 77°K. From
Eq. 2, the required line widths for 10° Hz ac would be 50.6 #m at 300°K or 23.8 um
at 77°K, which is the more serious limitation. This means that if we both cool the
copper to 77°K and allow R, = 25 €, 32 layers of signal interconnects (49 total
metal layers) are required to wire the maximal density 6" MCM, still an impractical
large number for manufacturability. Using such a self-terminated line approach
would probably require a certain number of different driver types, each having
different source resistance characterisitics, therby complicating the design task.

As is pointed out in Section 3.1, plain R\, ., = Z,, open circuit load/source
terminated interconnections can tolerate somewhat over R,.,, = 10 Q line
resistances without major degradation of the substantial CMOS noise margins.
However, when the rather significant input capacitances which load the lines is
considered, pulse edges with source termination are degraded relative to load

termination, and that is made even worse when higher resistance, self-terminated

Apphcability of Superconducting Interconnection 1-10
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lines are used. Consider, for example, a L0pF board capacitance on an R, =50
terminated line, which will have a 550 ps rise time, but with a Zy = 509
source-terminated line, the rise time is 1.1 ns. Hence, while source termination is
convenient and iow power, it has high speed performance limitations relative to load
termination which are only further aggravated as self-termination is approached.

A final potential method of reducing the number of copper layers required to wire
large maximal density MCMs is to relieve the constraint that all lines have the same
width. In IC design, it is common to use narrower (higher Q /cm) lines for the
(numerous) shorte: lines, and the wider line widths only for the longer lines.
Unfortunately, in a MCM, simply increasing the line width alone doesn’t help at all,
since it correspondingly reduces the line impedance, Z,, which makes the line
proportionately more sensitive to R iax- However, if the dielectric layer thickness is
increased in the same proportion, the line impedance will be preserved and the
desired relative line ohmic resistance improved. Hence, it would be possible in an
MCM to create two or more classes of signal interconnects, with wide copper traces
and thick dielectrics for long lines and (higher density) narrower traces with thinner
dielectrics for short lines. While this would require some substantial innovations in
order for the CAD tools (particularly MCM routers) to support such an interconnect
hierarchy (and routing software is alreadv a serious problem for very complex
boards), it is certainly theoretically possible to implement such an approach. While
its practicability might be in question, the fact that there are so many short wires on
a MCM makes it of interest. As opposed to the maximum signal line length of Liax
= 12" on a 6" MCM, as discussed in Section 3.1 in conjunction with the Donath
statistical wire length model, the average wire length for the same case is only (R =
4.6 for Ny = 24) L = 2.92 cm (1.15"). Hence, for 10° Hz and Ry.x = 10Q,a77°K
copper line width of 5.7 um would be adequate for half of the interconnect wires. In
a very simplistic view, this would mean that half of the MCM wires could be disposed
of in 8 layers of signal interconnects, which would make a substantial reduction in
the total number of signal layers required. Unfortunately, it is not quite that simple.
If one assumes that the series termination approach outline in the previous section I
is not employed, a wide variability in the line geometrics may be required. In (
general, vias and other layout features of a size adequate for thick dielectric layers

Applicability of Superconducting Interconnection I-11
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and large trace sizes are not very compatible with interconnects an order of
magnitude smaller in feature sizes. A series termination approach would have some
of the issues referred to in the previous section. Hence, real design rule limitations
will play a major role in how effective such a hierarchial dielectric thickness/variable
line width approach would be in reducing the number of 77°K copper signal
interconnect layers required to wire large maximal density MCMs. A wild guess
might be a 2x reduction over the details of the layout design rules for the MCM
technology.

In su~ ~ary, several new normal metal interconnect MCM technology extensions
have been considered which, if developed and adopted, could potentially reduce
significantly the number of copper interconnect layers required to wire large,
maximal density MCMs. If all of these (cooling to 77°K, using high resistance
[self-terminated] interconnect lines, and routing in a hierarchy of dielectric layer
thicknesses and line widths according to signal line length) were used at the same
time, and if the rise times of the logic signal pulses were fairly slow, then it might
even be possible to reduce the number of copper interconnect planes to something
such might be manufacturable (given the existence of very effective in -process
inspection and repair capabilities, and, of course, assuming that the very large stress
levels that build up in organic dielectric MCM systems at cryogenic temperatures
don’t give insurmountable reliability problems).

However, if this can all be done in a simple, two signal layer HTSC MCM, which will
work with today CAD tools (routers, etc.), which will work with any kind of signal
interconnect termination scheme (eg., source or load terminated), and which will
work with even the fastest of today’s integrated circuit technologies, and indeed with
the fastest expected in the foreseeable future, and do all of this without the
performance and design compromises discussed above, and further yet be
potentially cheaper, in the long term why would anyone want to consider anything
short of the HTSC MCM technology? The issue is not whether HTSC MCMs are
worth doing, it is whether we can in fact master the technology to build them. The
prospects look good; it is time to go for it.

Applicability of Superconducting Interconnection 1-12
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1.2.Program Directions

When we first began this HTSC-MCM study at Quad, nearly all discussion in the
published literature had suggested that superconducting interconnects do not add
any measurable benefit to high performance electronic systems. Since this project
began we in essence had to work against a negative environment which all in all
really proved helpful in forcing us, going in, to address issues that we may have had
to put off for later times.

Many people in the past had looked at supercomputers operating at 77°K due not
only to the benefit accrued from the decrease of the impedance of copper wires at
these low temperatures, but also due to the factor of 3 to 4 increase of the speed of
CMOS chips at the same temperatures. So there were incentives over a decade ago
1o operate at low temperatures and indeed much studies and real work was already
accomplished in this area. At the same time much work was doue by Quad and its
consultants in the field of MCM technologies. Here it was recognized that the
electronics industry is undergoing yet another revolution in high density integration
using conventional semiconductor processing operating at room temperature. This
conventional MCM technology, while it promised significant improvement at the
module and system level, had met severe limitation for MCM as was experienced by
IBM. This company reverted to complicated processes in order to manufacture
MCMs having greater than 3/) metallization layers. Our preliminary work had
suggested that with HTSC-MCM only two signal layers would accomplish the same
feat thereby significantly simplifying the MCM manufacturing process and perhaps
culminating in higher performance, higher reliability, and lower cost system. So
indeed we had a strong incentive to push for this technology. The problem however
of translating the concept from a paper study to a working process that would
execute and develop this technology was not as easv a5 it seemed. Many issues were
before us (a) to convince the HTSC comn the potential benefit of
HTSC-MCM (b) to convince sysiem houses of n benefits born out of this
technology (c) since only few merchant HTSC veudors were available to work with,
and since these vendors had virtually no MCM background, the question was how to
bring to them MCM know-how in technology, marketing and manufacturing (d) to

Applicability of Supcrconductie ~ Intcrconnection 1-13
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ensure that whatever knowledge had been gained from people who worked a
decade ago on low temperature supercomputer, that some how it be added to this
project (e) and finally, if this technology is to benefit both commercial and military
systems, that this project from the outset should include commercial and military
players and should leverage on resources and assets from both sides of the industry

sectors.

Our task, which initially began to study the market of systems using HTSC-MCM’s,
was sidetracked a bit in order to help put together a team that would address the
issues raised in points (a) through (e). It was clear from earlier work that elements
of an MCM infrastructure were as shown in Fig. 1-3a. We needed merchant
foundries, we needed CAE Tools, we needed testing, we needed CAD applications,
we needed cooling technologies and eventually we will need CMOS operating at
Cryogenic temperatures.

Our efforts led to the formation of a team structure as shown in Fig. 1-3b. Here as
can be seen we have all the elements needed to do the job.

The central role is played by the foundries. These are the players who have to solve
the most difficult material and MCM manufacturing processes. Towards this end the
team was structured so that all materials and processing research wherever
performed would transition to the foundries. n-chip was added to educate these
foundries on MCM manufacturing. Datamax, a spin-off from ETA, added the low
temperature experience gained from the development of the ETA-10. Cray was also
added to monitor the development of this technology and help guide it to
comunercial applications. E-Systems with its extensive MCM application know-how
was a natural to lead the project and guide the technology for military application.
Now the team is in place; the contract was awarded to E-Systems. A kick-off of the
program is scheduled for October 24, 1991.

The other aspect of the effort at Quad was spent on the potential market of
HTSC-MCM and MCM applications. These are discussed in the fourth quarter
report. In effect our work shows that HTSC-MCM technology, particularly when

Applicability of Superconducting Interconnection 1-14
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combined with massively parallel process architecture, can have significant impact
on applications ranging from minisuper computers to mainframes and
supercomputers classes for both commercial and military applications. These
applications could start benefiting from HTSC-MCM by the latter part of this
decade and begin to serve as a stable market base for the HTSC - technology, with
potential sales exceeding one billion dollars for bare HTSC-MCM’s by the end of
this decade or early 2000’s.

Over the next two years however some key milestones need to be met, (a)
demonstrate experimental validation of predicted HTSC-MCM benefits; (b)
demonstrate concept feasibility of a low cost HTSC-MCM manufacturing process
and (c) put in place the needed elements to have a viable merchant source which
includes a complete merchant infrastructure and a market place, both commercial
and military, read to insert and market the technology, and convince the
semiconductor industry to lead an intensive effort in optimizing the CMOS
technology for Cryogenic operations and help develop other salient technologies
(CAE tools, testing, packaging) to make this highly promsing Cryoelectronics
industry pay off to the commercial and military sectors.

Applicability of Superconducling Interconnection 1-15
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Q3 1991 Quarterly Report

2.1.HTSC MCM Technology

As is noted in Section 3.3, concern was expressed (initially, in my awareness, by Prof.
Ted VanDuzer of UC Berkeley) that the operating temperatures of the liquid
nitrogen immersed IC chips might be so large as to preclude the use of YBCO as an
HTSC MCM interconnect material. It is demonstrated in Section 3.1, using a
nonlinear one-dimensional thermal model, that for the case of normal (face-up,
wirebonced IC chips) die attached to the HTSC MCM substrate with low thermal
conductivity (no silver, gold or diamond filling) epoxy material (or better yet, as
suggested by the Livermore penple, epoxy filled with the vacuum microspheres that
are available), 90% or more of the heat can be made to go directly into the liquid
nitrogen, and the temperature rise (above 77°K) at the HTSC substrate can be kept
to about 3°K, even for a 10W/cm?® power density, where the IC chip temperature rise
would be 9.3°K.

A substantial level of effort in this program has been expended in describing the
HTSC MCM concept and the work done on it, (as well as the future plans and
applications interests for the program) to various individuals or groups in order to
elicit their response. In particular, potential problems that are brought up are
carefully noted for further investigation where appropriate, in order to assure that
no "show stoppers" have been overlooked in the HTSC MCM concept. (None have
been identified to this point, I might hasten to add.) The work on the magnetic field
strengths around narrow lines and the die/HTSC intercoanect temperature
modeling just described are examples of efforts initiated because of concerns
expressed by knowledgeable scientists in the HTSC field contacted through
seminars, papers presented at workshops, etc.

In recent presentations on the HTSC MCM, including those at the Fallen Leaf Lake
Workshop on Superconducting Electronics and the DARPA HTSC Conference in
Seattle, our recent thermal modeling work described above was presented. This has

Applicability of Superconducting Interconnection 2-1
Technology for High Speed IC’s and System October 1991



pp———

Q3 1991 QUARTERLY REPORT

been generally quite favorable received, but with some specific helpful concerns
expressed. One of these is the issue of flip-chip bonding of the die in order to reduce
bonding cost and maximize the chip I/O count and minimize wasted "real estate" on
the MCMs. The presence of large numbers of solder bumps joining the die and the
HTSC interconnects, could, as noted in the Q2 1991 report, bring the HTSC
temperature much closer to the IC die temperature than for the epoxy die attach
case. These appear to be solutions for this case as well. We will treat this flip-chip
case in later extensions to this work

Another concern, mentioned by Ted Van Duzer and several others, is that even in
the epoxy die attached “normal” mounting case, the heat flow through the bond
wires might bring the spot temperature at the wire to substrate bond point too high
for the use of YBCO-type HTSC materials (“Thallium” would of course still be ok).
The thermal conductivity of gold increases from 318 W/m °K at 300°K to 352 W/m
°K at 77°K, while aluminium even more dramatically increases from 237 W/m °K at
300°K t0 400 W/m °K at 80°K (the same as room temperature copper). While such
high thermal conductivities might very well lead one to view the bond wires as a
“thermal short” down to the substrate, I have pointed out in these various
conversations that the bond wires are very fine (with typical diameters of 0.75 mils
[0.019 mm] or 1.0 mils [0.025 mmj) and fairly long (of the order of 60 mils [1.5 mm)]
for the thick epoxy die attach layers considered here). Because of the high heat
transfer coefficient from the wire to the liquid nitrogen due to nucleate boiling, the
temperature in the wire may quite quickly approach the 77°K liquid nitrogen
saturation temperature. Since this is clearly not obvious to many intelligent people,
it is worth a quantitative examination.

Fig. 2-1 shows the physical model and its electrical equivalent used to solve, for the
linear case, the heai flow equations to give the temperature variation along the bond
wire immersed in liquid nitrogen. The heat flow incident into the left side of the
(tiny) “rod” is conducted along the length of the rod by the thermal conductivity,
k(W/cm °K) of the metal (the R,, term in ther electrical equivalent), or lost to the
liquid nitrogen due to the large nucleate boiling heat transfer coefficient, h (W/cm?

Applicability of Superconducting Interconncetion 2-2
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°K), which gives rise to the Ry shunt term. Obviously, from the basic thermal
resistance expression for thermal conduction,

! - L
' Ry, = Ak Eq.1

the distributed wire thermal resistance per cm will be given by

1
kA  nd?k Eq.2

where d is the bond wire diameter. The shunt conductance per unit length (here
used as its reciprocal, the resistance-length product, R, L), is given from the heat
transfer coefficient, h, as

I, 1
RyL=7X =zdn Eq.3

—

where the entire peripheral area of the rod contacting the liquid is taken for A. As
noted previously in conjunction with the liquid nitrogen pool boiling curve, the
| nucleate boiling power density (P/A) versus temperature rise above T, .. = 77°K, AT,
i curve may be approximated in the region below AT = 10°K or so by

(P/A) = 0.0749 AT 215 Eq.4

for (P/A) in W/cm?. The “dc” heat transfer coefficient is given by

h = (P/A) /AT Eq. S
1 Applicability of Superconducting Interconnection 2-3
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because the heat flow relationship in Eq.4 is not linear (2.156 is a long way from
1.000), the heat transfer coefficient, h, varies significantly with (P/A) or AT, and
hence R, varies as well. This means that the linear heat flow equations solved
analytically here apply accurately over only limited sections of the wirebond in which
the temperature change is not too large. At some later point in the program we will
do a nonlinear numerical solution to get an accurate T(x) distrubution on the
wirebonds, but the linearized solutions are quite adequate to give the insight we are
looking for here (and we can break the wirebond into a number of shorter sections
of nearby constant AT and integrate to obtain a numerical solution for any given
case).

Table 2-1 shows the variation of h with AT for temperature rises of 1, 2, 3, 5, 7, and
10°K of the bondwire above the 77°K liquid nitrogen saturation temperature as
caculated form Eqs. 4 and S. This data is used to calculate the R, and Ry values in
Fig. 2-1 at each AT for the cases ot d =0.75 mil and d =1 mil diameter of both gold
and aluminum bond wires. Note that while h is quite good (over 1 W/cm? °K) at AT
= 10°K, it drops off as AT ''* power for lower temperature rises. For the most part,
AT values below about 3°K are of for YBCO, so we need to consider heat transfer
coefficients down to the 0.25 to 0.3 W/cm? °K range.

Consideration in Fig. 2-1 of the basic conduction equations gives for longitudinal
conduction

—d dV(x)

L) =
i (RM /L) dx Eq.5
and for the transverse loss (I loss),
dly _ -v)
dx RGL Eq. 6
Applicability of Superconducting Interconnection 2-4
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Differentiating Eq. 5 and substituting in Eq. 6 for dI_/dx gives Laplace’s equation:

d 2 V(X) B (RM / L)
dx? = (RyL) vix) Eq. 6

The voltage (temperature) distributions solving this equation are of the form

V(x) = ae™ %X + petax Eq.7

That this is the correct solution is noted by simply differentiating twice, giving

&N _ aae %X + ghetaX
X Eq.$§

and

’____a2 —ax+a2b—a.\'___ 2\/‘.
e ae = a (x) Eq.

which solves Eq. 6 as long as we take the temperature attenuation coefficient, a , as

__ Ryt
‘ RyL Eq. 10
Applicability of Superconducting Interconaection 2-3
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The reciprocal of a is an effective or charecteristic length over which temperature
deviations from T, = 77°K tend to expoenentially die out,

—

L=-1—=/RNL
¢ % J Ry/L Eq. 11

M

There is also a “characteristic thermal impedance” for the wire immersed in liquid
nitrogen. It is the thermal resistance seen looking into the end of a very long
(L>>L,) wire, the other end of which need not be connected to anything. This

“thermal impedance”, R, (°K/W), is found from (b= 0 in Eq. 7).
V(O) | 5 s b

R, = 1o | =/ ®Ry/D) RD)

z = 1(0O) Eq. 12

For the case of long lines (L>L ), or lines terminated with a thermal resistance R,

close to R, then the temperature disturbs die out exponentially with distance,

T (x) = T(0)e ¥Le Eq. 13

with the characteristic length, L.

s Applicability of Superconducting Interconnection 2-6
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In Table 2-1, values for this characteristic length, L., and for the “thermal

impedance”, R, are shown for each case. For example, for a 0.75 mil gold bond
wire we have L, =0.395 mm at AT = 10°K, increasing (because of the lower h) to

about twice that, L, =0.792 mm, at AT = 3°K, with corresponding R, values of 3940

°K/W at 10°K and 7902 °K/W at AT = 3°K. This means (doing a rough integral to
hardle the nonlinearity), and shown in the AT =7 - 77°K versus distance along bond
wire plot in Fig. 2-2, that if we have a chip temperature of AT = 10°K at one end of
a 0.75 mil gold thermally matched terminated bond wire, the AT at a distance of 0.5
mm (19.7 mils) down the wire, the temperature rise will be only 3.9°K and 1.0 mm
(39.37 mils) down the wire the temperature rise will be only 2.1°K. For a typical 1.5
mm (59 mils) bond wire length, at the HTSC substrate end, the AT will be only 1.32°
above the 77°K liquid nitrogen saturation temperature. Hence, standard 0.75 mil
gold bond wires do not represent a “thermal short” in normal lengths. As seen in
Table 2-1, larger diameter wires will cause greater temperature rises, and aluminum
is slightly worse than gold.

2.2.MCM Technology Applications

The superconducting MCM (SC-MCM) technology applications clearly seem to be
destined to span from supercomputer class to certainly mini supercomputer class
applications. For the superconducting vendors selling SC-MCM could render
significant stability to their operations. During the last three months we have tried
to bring together several elements of the infrastructure to ensure that as this
technology is developed, at least some specter of the market can start to develop
right along with it. The idea being that once the technology has matured, maybe the
market would be there for it; even though the market and the technology are not
expected to mature until 1995, it is still prudent that they grow up simultaneously.
‘Towards this goal we have tried to ensure that the team includes all the necessary
features such as foundry CAE Tools, system design, refrigerative or cooling
packaging, etc. In particular the main focus was on real MCM foundry and MCM
applications. Currently the team has no MCM capabilities, meaning that STI and

Applicability of Supcrconducting Interconnection 2.7
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conductus do not have any background in MCM technology development, or digital
semiconductor manufacturing know-how. For that reason, we have tried and have
succeeded in convincing N-chip to play a role on our team in order to add such
expertise and know-how to the team. Towards this end, n-Chip has agreed to
provide facility and MCM capacity so that superconductivity engineers and scientist
can visit, have a place to stay, work, and use n-Chip people and equipment to learn
MCM technology and manufacturing know-how. Further, the n-Chip engineers
have already interacted on the SC-MCM fabrication process even prior to the
invitation of the programmer, and provided already made significant input that
could assist the growth of the SC-MCM technology.

In a different area, we began serious discussions with Tony Vacca at Cray regarding
the identification of a machine that could use SC-MCM within four years. Dr. Vacca
recommended the Cray E-L machine which is equivalent to a mini-supercomputer.
This has a large PC board containing over 30 interc .nnect layers and probably 200
CMOS chips. This board could be converted to a SC-MCM with only a process
control role in MCM development and solution. Also upon request from several
congressional staffs, a detailed presentation was prepared and given on SC-MCM to
the house and senate authorization committee staf?.

| ] Applicability of Superconducting Interconnection 2-8
Technology for High Speed IC’s and System October 1991



e e e e el

Q3 1991 QUARTERLY REPORT

| 2.3.HTSC MCM Applications

. A number of Market research firms, we understand, have done market surveys for
the MCM technology application. We have not had access to these reports.
However, it seems obvious that no market projection can be so credible without fully
taking account of the application needs and the various MCM technologies that will
evolve during the next decade. It is our opinion that several major MCM technology
thrusts will be developed this decade. These include conventional MCM,
3-dimensional MCM, superconducting MCM and advanced multi signal layer (>2)
conventional MCM. In Table 2-2, we show the projections we made based on
industry discussions. It seems to us that the conventional (2 signal layers) will
dominate the low end from PC to the mini-supercomputer, 3-D will cover high end
work station to the supercomputer while SC-MCM will cover mini-supercomputer
through supercomputer. In special applications it is conceivable that SC-MCM will
also play a role in embedded processors. In any case, the market that SC-MCM
addresses should exceed one billion dollars, giving a good chance for merchant
vendors to establish a stable source.

The issues that are critically upon us have to do with market penetration: How to
facilitate the acceptance of this technology by commercial and military houses.

] Applicability of Superconducting Interconnection 2-9
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2.4.Analytic Expressions for Frequency Dependent
Transmission Line Parameters

This is a summary of work performed under this contract by Professors Antonije
Djordjevic & Tapan Sarkar of the Syracuse University in the area of resistive and
inductive transmission line models for normal microstrip & stripline lines.

For microstrip, the propagation of quasi-TEM waves can be analyzed in two ways.
The first one is the pure field-theory approach, which essentially start from
Maxwell’s equation. The solution yields the structure of the electromagnetic field
and the propagation coefficient of the wave.

The second approach is a combination of the field theory and the circuit theory. In
this approach, the transmission line primary parameters, i.e., the inductance per
unity length (L), the capacitance per unit length (C'), the resistance per unit length
(R') and the conductance per unit length (G)). are evaluated using the field theory.
Thereby, the fields are assumed to be quasi-s:atic (i.e., slowly varying in time), and

w

l/
l\

S, AN

Figure 2-3: Cross Section of a Microstrip Transmission Line

the analysis is separated into two independent parts. In the first part, the
electrostatic case is considered, involving only the electric field in the dielectric and
the conductor charge., and the capacitance is evaluated. By taking the dielectric
permittivity to be complex, from the elecirostatic analysis the conductance is

Applicability of Superconducting Inlerconnection 2-10
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evaluated, too. In the second part, the magnetic field is considered, together with
the electric field in the conductors, resulting in the inductance and resistance. Once
the transmission line primary parameters are known, the secondary parameters (the
characteristic impedance and the propagation coefficient) are obtained form the
circuit-theory approach.

Here, we will consider only the quasi-static analysis of the inductance and resistance.
We suppose that the transmission line conductors carry equal steady-state currents,
which are opposite in direc'ion, of root-mean-square (rms) value I and frequency f.

At low frequencies (towards the d.c. end), the currents are uniformly distributed
over each conductor cross section. As the frequency increases, due to the induced
electric field, the current distribution starts changing. This effect is, for the purpose
of a simpler explanation, separated into three parts (although everything 1s due only
to the induced field). The first part is the edge effect, where ‘- current tends to
concentrate at the sharp edges of a conductor. This effect affects both the signal
conductor and the ground conductor. However, it is more pronounced in the signal
conductor, because in the ground conductor, the second effects usually dominates.

The second part is the proximity effect, where the presence of one conductor
influences the current distribution in the other conductor. As a consequence, the
current in the ground conductor tends to concentrate below the signal conductor
(instead of being spread along the whole width of the ground conductor). Also, the
edge effect in the signal conductor is somewhat smaller than if there were no ground
conductor,

The third part is the skin effect, pronounced at high frequencies in both conductors,
where the current becomes concentrated within layers at the conductor surfaces,
The thickness of a layer is of the order of several skin depths d, where the skin depths

is defined by
: 1
0 = —— |
aufao Eq. 1
Applicability of Superconducting Interconnection 2-11
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where 4 = urpo and po = 47 107 Hm . A practical formula for copper (at room
temgerature) is

5Cy = 67 um
vV Eq.2

where the frequency is expressed in MHz.

Due to the variations of the current distribution, the transmission line inductance
and resistance per unit length vary with frequency. Up to a certain frequency, at the
low-frequency end, the inductance and resistance are practically constant.
Thereafter, at 17edium frequencies, due to the concentration of the current (i.e.,
reduction of the effective conductor cross section) the resistance starts increasing.
This concentration modifies the external inductance per unit lengih.
Simultaneously, the magnetic field within conductors is reduced, resulting in a decay
of the internal inductance, which contributes to the decay of the total inductance.
The transition between the low-frequency and the medium-frequency regions is
related to the ratio R/L’, as will be shown later.

At high frequencies, when the edge, proximity and skin effects are fully pronounced,
the resistance per unit length increases as the square root of frequency. The
inducta ice per unit length becomes practically constant, and it can be expressed as

. EopoO
Lo = C. Eq.3

where € = 8.8542 - 10" F/m is the permittivity of vacuum, and C, is the

transmission line capacitance per unit length when the dielectrics are substituted by
vacuum. More precisely, the inductance per uait length has an additional small term
which is inversely proportional to the square root of frequency, and which is due to
the decrease of the internal inductance with the decrease of the skin depth. The
transition between the medium-frequency and the high-frequency regions occurs
when the conductor thickness becomes of the order of the :kin depth.

Applicability of Superconducting Interconnection 2-12
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Exact, analytical expression for the microstrip in:juctance and tesistance per unit
length, as a function of frequency, are not known. The analysis of such transmission
lines can, however, be performed numerically, and there exist several published
methods. For the present purpose, where the accuracy at the low-frequercy end
seems to be important, we have chosen a technique which we will refer to as the

volume-current formulation.

Based on an interpolation of these results and on some theoretical considerations, a
set of closed-form formulas has been derived.

At low frequencies, the current distribution is practically uniforni within one
conductor. However, at higher frequencies the current distribution starts changing,
which results in variations of both the induc:ance (which starts decreasing) and
resistance per unit length (which starts increasing). Here starts the
medium-frequency range. As the frequency increases further, the proximity and
edge effects become fully pronounced, and the skin-effect region starts. In this
high-frequency region, the current is localized in a thin layer at the conductur
surface. The depth of the layer decreases with frequency, according to equation (1),
i.e., it is proportional to 1/Vf . However, the equivalent surface-current

proportional to 1/f (for a constant excitation field). Hence, the resistance increases
as Vi , the externai inductance of the line is practically independent of the

frequency, and the in:ernal inductance is proportional to Vf . Mathematically, the

resistance and inductance per unit length in the high-frequency region
asymptotically behave as

R'()>Rg(f) = Ry(f) Vit

Eq. 4
L(f)"Lm-f'Rs(f)/a) Eqs
-A_ppl_xcability of Superconducting Interconnection 2-13
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where w = 2xf, f is chosen (reference) frequency, R'S(f) denotes the skin-effect

resistance. The low-frequency resistance per unit length (i.e., the d.c. resistance) of
a microstrip line, having conductor width w, and ground plane width g and having

metal thickness t.

R(0) = Ry, + R, Eq.6
where
' 1
Re, = ogt Eq.7

is the resistance per unit length of the ground conductor, and

1

WO owt Eq.8

is the resistance per unity length of the signal conductor. Equations (7) and (8)
follow from the calculation of the resistance of a flat-strip conductor.

The low-frequency inductance can be evaluated from energy considerations. The
stored magnetic energy per unit length of the line can be expressed in terms of the
inductance per unity length (L) and current (I) as

&
2 " 2 Eq.9

Another calculation approach is possible by assuming the conductors to be very thin
(ie., t<w,g), so that the effects of the internal inductance are relatively small. In
that case, the conductors with volume currents can be approximated by
surface-current sheets, of surface-current densities J;, = I/w (signal conductor) and
J, = /g (ground conductor). Following a similar approach as above, the
inductance per unit length is given by

Applicability of Superconducting Interconnection 2-14
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)
—w/2 —w/2
: , 0 1 g ,
Lo=L0=~-821——17 [ log] (x=x)|dx dx
o 2 B m
W w/2 w/2
’ w/2 g/2
2
— I logV N2 N
x—=x )"+ (h+t)* dx dx
e L, Ly VXD (b
l - w/2 —w/2
+%  f 1 logl (x—x)|dx dx ;
g% w2 wn | Eq. 10
i
where h + t is the separation between the conductor planes of symmetry. These
integral can also be evaluated explicitly. The internal inductance of a thin strip
conductor, of width w and thickness t, which is approximately included i the above
equation, is given by
T
L. -
12w Eq. 11
For the high-frequency region, when the skin effect is fully developed, there exist
approximated, closed-form formulas for the quasi-static transmission line
parameters. One set of such formulas is given, for example, in Reference. From
these formulas it is straightforward to obtain
Le = L(®) = Zg,07¢, Eq. 12
’ {
P
C =L/ Zew Eq. 13
i
3 Applicability of Superconducting Interconnection 2-15
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where

1
=== 3-10° nv/
o Veopo 3 -G mAs Eq. 14
is the velocity of light in vacuum, Z,, 1s the characteristic impedance of the
microstrip line in the high-frequency region, and Z o is the characteristic

impedance in the same frequency region when the dielectric is removed. These
impedances are related by

Zew = Cea/ Ve, Eq. 15

where ¢_is referred to as the effective relative permittivity of the line.

The approximate expression of the resistance per unit length in the high-frequency
region is:

32— { ﬂ)z
R'—~R—S \h~ 1+£(1+3) =<
h (\v o [ w at J " h ’
32+ (—|°
h
Eq. 16
5
2 & ZeRo[w  6n h h Y W
= = — 4 — -— i - —= —
B h Zé h w [(1 w)+008;‘ [1+w(1+8t).-l’h>l’
Eq. 17
where
Ye 1 2
—_ = — — i
Py 7 log ; , W<h/2a Eq. 18
Applicability of Superconducting Interconnection 2-16
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oo 1, 4w
Pl 7 log . ,Ww>h/2x |, Eq. 19
and
R : auf — |
S | 7o go Eq. 20

is the surface resistance of the conductor.

Although the formulas for L" and R’ at low and at high frequencies are available, ac
shown above, there are no known exact or approximate expressions for the values in
the medium-frequency region. Extensive numerical experiments have shown that
relative simple approximations for the variations of the inductance and resistance in
this region seems to be sufficient of practical purposes. These formulas are

presentcd below.

First we have to define the boundaries of the medium-frequency region. The lower
boundary is the frequency at which the resistance and inductance start changing
from their d.c. values, and the upper boundary is the frequency at which equation (3)
becomes valid.

Extensive numerical experiments have shown that the upper boundary of the
low-frequency region, i.e., the lower boundary of the medium-frequency region, is
approximately given by

2 R R
fn =0 = SO
© o Rgo * Rwo Eq 21

where R'go and R’ are given by equation (7) and (8), respectively.

Applicability of Superconducting Interconnection 2-17
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The boundary between the medium-frequency and high-frequency regions is given
by
10t/w
L6+ 1+ w/h
f, = > .
Tuot Eq. 22
First, we evaluate R (f ) from equations (1.36-37) at a frequency f, which is
assumed to be in the high-frequency region. (Actually, f_ = 1 Ghz in the program,
but this frequency need not be greater than f.) Next, we evaluate the skin-effect
region resistance extrapolated to f as
R (f) = R, (f.) *frs
s Us o\l [ 2
N Eq.23
Now, tne resistance and inductance per unit length are given by
v 4 2
Rt tf 4 "1+ (/1) _ @85 - 2D - e
' ' s(f5) 1 + ) [ s (£) g () 0
R (f) = RO + S ’
0.2
I+ 1+ G log (1 + /1)
Eq. 24
R_(f) Vi/f R_(r)
L'(f) = ——°% S_+L'+[L—L—SS]F ,
(f) 27tf(l s \/t_"s—/_f) o () o ans (f)
Eq. 25
1
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where

1

F(f) = \/———f*; ,

1+ |-
fo Eq. 26

and R, = R(0).

Strip transmission lines (striplines) are much more frequent in fast digital circuits
(transmission lines at all the inner layers of a printed-circuit board). The cross
section of a stripline is shown in Fig. 2-4. The total dielectric thickness is (2h + t),
its relative permittivity is ¢_and loss tangent tg 0 . The thickness of the signal

conductor and the ground conductors is t, their conductivity is o, and relative
permeabiiity 4. . The signal conductor width is w, and the ground conductor width

is ¢ (and it is assumed to be much larger than h, but finite).

< w S|
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Figure 2-4: Cross Section of a Strip Transmission Line

I Applicability of Superconducting Interconnection 2-19 )
Technology for High Speed IC’s and System October 1991



Q3 1981 QUARTERLY REPORT

Exact, analytical expression for the stripline inductance and resistance per unit
length, as a function of frequency, are not known. The analysis of such transmission
lines can, however, be performed numerically, for example, using methods similar to
the previous section. Based on an interpolation of these results and on some
theoretical considerations, a set of closed-form formulas has been derived.

The frequency behavior of inductance and resistance per unit length of striplines is
very similar to the same dependence of microstrip lines. As cescribed previously,
the frequency is divided into three ranges: the low-frequency range (starting from
the d.c.), the medium-frequency range, and the high-frequency range (skin-effect
region).

As before, low-frequency resistance per unit length (i.e., the c.c. resistance) of the
stripline, sketched in Fig. 2-3, is given by

R(O) = R, = Ry, + R,,, Eq.27

where

: 1
Rgo = 2o0gt Eq. 28

is the equivalent resistance per unit length of the ground conductors, and

. 1
Rvo = 5wt Eq.29

is the resistance per unit length of the signal conductor.

Simple formulas of the low-frequency inductance can be obtained by assuming the
conductors to be very thin (le, t< <w,g), as explained previously. In that case we
have

Applicability of Superconducting Interconnection 2-20
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w/2 w/2
L. =L(0) = - go | 1 _ J I log| (x=x)|dx" dx
0 2 2
w —-—w/.

w/2  g/2

2
-= flog\/_'z+ 112 dx d
wg L, o 198V + (hre? O

1 g2 g2
— { I T log| (x-x)|dx" dx

2¢2 |02 -w
g/2 g/2
+ f I logVi, 32y +262 dx dx | o
S, B e @h2y Eq. 30 i

These integrals can again be evaluated explicitly. !

As for microstrip, the stripline high-frequency inductance per unit length (L’ ) and

the capacitance per unit length (C) can be evaluated form the high-frequency
characteristic impedance of the stripline ( Z_,, ) and the velocity of wave

propagation in the dielectric.

In the literature there exist approximate, closed-from formulas for the
high-frequency characteristic impedance and the resistance per unit length (R ) of

striplines. After corrections, the formulas read:

_ 300 4 b=t [8 bt 2 :
ZC”—_‘ETIOg{1+” w [‘7 | +\/(8 ) +6.27J}’

w = b—
T b—t
Eq. 31
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Aw _ x | - 1 logl [-X-] = 0.0796x |m
b—t  7(l—x) 2 08 2= wh = 1.1x

* Eq.33
- 1
X
m = 2(1 T3 1—x) Eq. 34
X = :
: b’ Eq.33
b+ 2h + 1t Eq. 36
32 w1 ( 3x :
o . c w13 _ X
R, = 0.00532 R, \/g - [1 -3 bt 72—y ]O°2—x”
Eq 37
Zc 306 |3.135 (8 b—t) 40
ow w'\/e_r Q Tow \ ) Eq.38
L%,
30Q Eq. 39
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T W
= ‘Jl i &2 (8 b—t) : Eq. 40
where
R = Vaut
S Eq. 41

1s the surface resistance of the conductors.

The upper boundary of the low-frequency region, i.e., the lower boundary of the
medium-frequency region, is approximately given again by equation 21.

Numerical experiments of both microstrip lines and striplines have shown that good
boundaries between the medivm-frequency and high-frequency regions can be
given by

10 t/w
1 + w/h

auot? Eq. 42

First, we evaluate R__ (f ) from equation (19) at a frequency f_ which is assumed to
be in the high-frequency region. (Actually, f, =1 Ghz in the program, but this

frequency need not be greater than f as

' . f
RS (fs) = Rw (foo) _S 4
J e Eq. 43
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i
Finally, the resistance and inductance per unit length are given by
v v
i i f/f, . Y1+ (£/£) - MEads = RETER < R
’ ’ s(fy) 1 + 0 [s(s o] ) )
R'(f) = R, + s :
0.4
1+1+w/h10¢(1+fs/f)
I
Eq. 44
: R (fy) VI , . R (f)
L) = ———=—+ 1L, + (Lo = La = 5 | FO
2t (1 + /£/F) 27f,
| Eq. 45
where
1
F(f) = —7;* :
JiefE
f Eq. 46
The estimated accuracy cf the above closed-form expressions is better than 10%, for
0.2 <%< 5, 0001 < & < .02 and g >w + 2 (h + t). The accuracy is defined
here as the relative error in R (or L) at a given frequency, or the relative error in
frequency, for a given resistance (or inductance) per unit length, whichever is
smaller.
|
1
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Sectnn 1.9

Application of HTSC Interconnects for Digital
' Multi-Chip Modules

1.1. Technology Requirements and Opportunities

Since nearly the advent of integrated circuit technology, the vision has been to bypass
the great expense and performance compromises of multi-level packaging by im-
plementing entire systems (or major portions thereof) on a single IC wafer. Unfor-
tunately, a number of technical realities mitigate against such a wafer-scale integration
approach, at least for general purpose digital systems. The p-incipal problem is yield,
and the very high overhead costs of coping with this through redundancy, but perhaps
equally important are issues of process and design optimization. Manufacturers of a
specific ultra high density DRAM chip could not be expected to achieve the same cost,
density and performance levels if the function had to be created as a part of a larger
general-purpose logic design. These, and other, practical considerations have
modified the focus away from the single semiconductor substrate wafer scale integra-
tion vision to the “hybrid wafer scale” concept in whict virtually the same density
goals are achieved in a muiti-chip module (MCH1) virtually “tiled” with VLSI die (as
illustrated at the right of Fig. 1-1)

It is now generally accepted that the coming wave in electronics packaging is the
multi-chip module (MCM). In MCM: . -kaging technology, bare integrated circuit
die are attached, both physically (chip bonded) and electrically (pad bonded), to a
substrate which carries some type of multi-layer interconnect system to provide for the
power connections to the die and the large number of signal interzonnections required
between the various chips on the MCM, and to the “outside world”. The MCM, which
may contain anywhere from a few IC chips to over a hundred in current MCM practice
(and which may be expected to increase to many hundreds and possibly the low
thousands in the future), represents the first-level package for the IC die. By eliininat-

Applicability of Superconducting Interconnection 1-2
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ing the requirement for a large number of individual IC packages, the MCM allows for
major reduction in size and weight in electronic systems (and potentially reduction of
cost).

One of the key derivative benefits of MCM technology, which is a consequence of the
reduction in size, is a major reduction of signal 1gation delay or signal latency. In
transmission lines, the propagation velocity of ... | pulses is limited by the speed of
light divided by the square root of the average dielectric constant of the dielectric(s)
between the signal line and ground plane(s). The total pulse delay is, of course, not
less than the line length divided by this velocity. The very small distances between IC
chips in MCM’s (as compared to circuit board packaging) greatly reduced this
propagation delay. Since in most digital svstems the maximum clock frequency is
limited to the reciprocal of the sum of the logic circuit delay plus this signal intercon-
nect propagation delay, reduced propagation delavs translate into higher system
speeds, particularly if the logic speeds can be increased as well. Of course, the major
direction of thrust in the semiconductor/IC industry has been to increase chip speeds
(the new MacIntosh FX runs at a 49 MHz clock rate, for example), so that the reduced
interconnect delays afforded by MCMs are precisely what digital system designers
need to translate the escalating IC speeds into greatly improved system performance.

1.2. Constraints on MCMs Due to Interconnect Resistance

The simplest concept for a large MCM would be to use normal semiconductor
processing (two to four layers of metal interconnects with typically =lum signal
linewidths) on a large (4" to 6" or larger) wafer to serve as the inter-chip connection
medium in the MCM. Unfortunately, even a 4" square MCM would have up to 8" long
signal lines, which, assuming a 1#m x 0.5 «m cross section and ap=17x10"° ohm
cm metal resistivity (copper; aluminum would be worse), the line resistance would be
Rpax = 6909 ohms. This is two or three orders of magnitude too large to be useable
for interconnects in a high speed digital system.

Applicability of Superconducting Interconnection 1-3
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All signal interconnects in digital systems are, for better or for worse, transmission

lines. As illustrated in Fig. 1-2, signal lines implemented with normal metal conduc- :
tors can usually be approximated as an ideal distributed L-C line with a conductor j
resistance in series with each inductor (this ignores the dielectric losses). In the ideal

case when the total signal line resistance is very small in comparison to the line

impedance, Ry, << Z,, the waveform integrity is excellent and the velocity of

propagation, Vp, 18 just given by

vp=c/Ver Eq. 1

where € is the average dielectric constant in the line. Since the line impedances

normally employed are in the range of Z, = 50Q (or within a factor of 2 of this),
clearly the 8"long, W = 1xm copper line (Rjine = 6909Q) case cited above is far from
this ideal case. As noted at the bottom of Fig. 1-2, for Ry, << Z, the propagation
approaches a distributed R-C line characteristic which exhibits so-called
“telegrapher’s delay” or signal “diffusion” characteristics, with gross distortion,
risetime degradation and long signal delays.

While we know line resistances of a few ohms are great and a few kilohms are terrible,
we would like to be a bit more quantitative as to what line resistance is tolerable in
practical applications. The signal interconnect configuration which is most tolerant of
line resistance is the source-terminated, open-load case, as approximated by CMOS.,
Clearly, Ry, <10R is nearly ideal and Riine >2009 is very bad, with long delays to !
reach threshold and very poor risetimes. Practically, Ry, = 50Q is useable for this i
case, and Rjj;. = 1002 might be tolerable if the gross reduction of slew rate through
threshold is acceptable (as it might be for data lines, but not for a clock, for example). l
In the more common, load-terminated, configuration as used with ECL and most i
GaAs ICs to implement very high speed systems, the line resistance tolerance s less,
When single-ended signal transmission is used with a logic voltage threshold (Vgg)
reference internal to the receiving chip, the dc attenuation of the signal “high” due to
the line resistance/load resistor voltage divider directly degrades the noise margin on
a signal high. The most favorable case (Rsource = Zy = S0Q ), in which an Rijpe =
1 15€2 might be acceptable. In most practical load-terminated cases, however, the

Applicability of Superconducting Interconnection 1-4
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source resistance is much lower, increasing the sensitivity to conductor resistance and
making Rj;,. = 102 about the practical maximum. If full-differential signal transmis-
sion were used for this ECL case, the tolerance would be similar to the CMOS case.

' Note that pulse propagation involves, for fast signal risetimes, reasonably high fre-
quency signal components. For example. in a 100 MHz clock rate system, at least 300
MHz (3rd harmonic) frequency components are important and must be minimally
attenuated to avoid pulse distortion, risetime degradation and excess delay. In room
temperature copper at 300 MHz, the skin depth (thickness of the surface region in
which the AC current is carried) is only 6 = 3.8 um. or Rg = 4.6 milliochms per square.
Hence, for a conductor of width W and thickness t,, for t;, ~ 2 delta, instead of
behaving as if its conducting area were Ay = t W, it will effectively be less than
(Aw)ac = 20 (W + t,), which may be much smaller, and frequency-dependent, as &
is proportional to 1/Vf. Hence, a simple dc analysis substantiallv underestimates the
seriousness of the line resistance problem with normal metal interconnects.

1.3. Interconnect Conductor Resistivity Influence
On MCM Fabricability

Understanding that the signal interconnect conductor resistances) must be keptunder
10 ohms or so (for ECL-type signal, perhaps five to ten times this for CMOS), we
would like to quantitatively evaluate the implications for the resistivity of the conduc-
tor metal on the practical realizability of high density multi-chip modules. We will
assume, for simplicity, a square MCM with Ni rows and columns of chips (for a total

of Nepip = N% VLSI die on the MCM) with the die mounted as closely as their

mounting technology allows (about 0.35 mm die separation for flip-chip mounting or
about 2mm die separation for wirebonding). The total MCM size, X), is Ny times the
sum of the chip size plus this die separation. The maximum length of a signal intercon-
nect (corner to corner) will be taken as 2X)4 (Manhattan wiring with no wrong-direc-
tion paths). To keep the conductor resistance, R, of such a worst case signal line
below the allowable lir. "+ for proper signal propagation characteristics (eg., R,y
i 1092 ) given a finite conductor resistivity. p, requires that the cross-sectional areas, and
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hence (assuming a constant thickness to width ratio, Ty for the wires) the conductor
linewidth, W, must be kept adequately large. Hence as the MCM size, XM and the
metal resistivity, p, are increased, W must be increased as VpXp - Unfortunately,

increasing W decreases proportionately the length of wire we can implement on one
layer of interconnect. The only way around this is to increase the number of signal
layers, S, used to implement the multi-layer interconnects in the MCM.

While conceptually one may arbitrarily increase the numbers of signals interconnect
layers, S, used to implement an MCM in order to match the requirements for inter-
chip interconnect wiring, these are very real practical constraints on S. As W is
increased, in order to maintain the desired Z, (=509, the stripline dielectric thick-
nesses must also be increased, which, if many layers, S, are required can make the total
multi-layer interconnect structures thickness impractical. Automatic place and route
software packages are also generally unable to cope with more than 6 or § signal layers
in most commercial packages (although propriety packages for internal use allowing
more layers likely exist). Further. in a multi-layer interconnect scheme of the usual
triplatey (ground-X-Y-ground) configuration, adding 2 signal lavers means adding 3
more total metal layer masks plus 3 more inter-layer via masks (one through each of
the 3 added dielectric layers). Processing yields tend to fall as the vield per mask level
taken to the power of the number of mask levels. Hence while it may sound vaguely
credible to say that it would take (at dc) S =44 lavers of copper interconnects 1o wire a
6" high density flip-chip MCM, when we note that this requires 67 total metal layers
(including grounds) or a total of 133 mask steps (metal + via) to make such a structure
(if you are a processing person you likely have passed out at this point), you have only
to note that even a 95% full-wafer (MCM substrate) yield per mask step would give a
0.95 133 = 0.109% estimated end yield for the (very expensive) process. While,
through the use of m-process and post-fabrication EC (engineering change) rework
capabilities, useable production yields of some very complex multi-layer ceramic
boards have been demeonstrated (eg. IBM), the fact that implementing large numbers
of signal interconnect layers is extremely difficult and expensive and represents a
major technological obstacle to increasing maximal density MCM sizes.

Applicability of Superconducting Interconnection - 1-6
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1.4. Quantitative Comparison Of Normal Metal
And HTSC MCM Implementations

While it is clear from a qualitative standpoint that interconnect metal resistivity
requires larger num “ers of interconnect layers to wire an MCM, and from a technol-
ogy standpoint that too many layers is impractical we need a quantitative analysis to
determine if HTSC technology is required for real cases of interest for high density
MCMs. Such a quantitative MCM wireability analysis will have a result, for example,
the determination of how many signal interconnect layers are required to complete
the inter-chip wiring on a given sized maximal density MCM substrate. Fig. 1-3 gives
an overview of how such a wireability analysis is carried out, with Fig. 1-4 describing
the detailed equations and relationships involved. As shown in Figs. 1-3 and 1-4, the
essence of the analysis is to equate the wire supply (right hand side of the figures), as
determined from the interconnect linewidth, W, and number of interconnect layers, S,
wiih the amount of wire anticipated to be required to complete all of the signal
interconnects on the MCM. While we have discussed the effect of conductor resis-
tivity, p on W and other aspects of the supply side of Figs. 1-3 and 4, we must now give
our attention to the demand (left) side.

Obviously, the total wire demand, or total amount of wire required to complete the
inter-chip MCM wiring will be the total number of wires required (which is ap-
proximately the total number of pads on all ICs divided by 2) times the average length
of the wires (see Fig.1-4 for details). Animportant tool illuminating both the required
number of pads per chip and the average wire length is the empirical relationship
identified by Rent at IBM relating the number of /O pins, I, required at a package
level to the number of circuits, Ng, contained within it as

I =BNp (Rent’s Rule) Eq.2

where the Rent’s exponent, p is typically of the order of 2/3 (0.5 to 0.7; see, for
examples, Ref. 1and 2). As shown in Fig. 1-1 through 1-5 of Ref. 1, while some kinds
of IC’s (particularly memory chips) have substantially fewer I/O’s than suggested by
Eq. 2, for general high performance logic chips (such as gate arravs or standard cell
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arrays), an N, = 10K gate chip would be expected to have about 370 I/O pads, while a
30K gate chip would have about I = 700 pads. In fact, these numbers are generally
realizable only if the die are flip-chip mounted (area array pads); with conventional
wirebonding, pad to pad spacing limitations (4 mils center to center for conventional,
or about 3 mils for staggered pads, in current wirebouding technology) also apply.
Hence, while a 1 cm 30K gate chip would “want”, from Rent’s Rule, about 700 pads,
there is only room, at 4 mil spacing, for 400 peripheral pads (or about 530 staggered
pads at 3 mils spacing).

To evaluate the total wire length, we need not only the total number of wires (=
Npads/2), but also the average wire length, T which is usually written as I, = RX i,
where X ;5 is the chip pitch and Ris the average wire length measured in chip pitches.
R must be obtained from some type of statistical wire length theory. A very simple
theory is obtained if we assume that the chips are randomly placed on the MCM so
that it would be equally probable that a given chip would connect to any other chip

location. For this random placement case, it can be show that K = 2NR/3, where N

is the number of rows and columns of chips. This is a quite pessimistic model,
however, since it is the goal of intelligent chip placement to make as many of the
interconnects as possible as short as possible. Based on applying the Rents Rule (Eq.
2) concept to progressive subdivisions of the system, Donath developed an expression

for R involving the total number of chips. Newip = Nﬁ and the Rent’s Rule exponent,

P (see Eq. A-8, p.64, of Ref. 2, or the bottom left side of Fig. 1-4 here for the somewhat
complicated expression for R). For Nenip = 4 (NR = 2), the Donath theory gives the
same result (R= 4/3) as the random placement case, which is reasonable as all chips
are virtually nearest neighbors. For purposes of the copper HTSC comparisons in
Figs. 1-S through 1-8, a Rent’s exponent value of p = 2/3 was used.

Fig. 1-6 summarizes the calculation assumptions (values of parameters in Fig. 1-4) for

a maximal density MCM with up to N R = 40 rows and columns of flip-chip mounted,

0.6 cm 10K gate VLSI die (I = 370 «:gnal I/O pads) mounted on it. The calculation in

for the number of copper interconnect layers, S, necessary to keep the maximum line |

resistance, Ryax, below both for de and for 300 MHz ac frequency components (eg. 1
l
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the 3rd harmonic of a 100 MHz check) 10 ohms both for dc and for 300 MHz are
frequency components (eg., the 3rd harmonic of a 100 MHz check. Asseen in Fig. 1-6,
with Ng = 24 rows and columns of die (576 chips), the MCM size will be X; = 6" and
will require over Sy, = 43 layers of W = 32 um linewidth copper interconnect at dc,
or for 300 MHz ac, S,. = 61 layers of W = 45.6 um copper lines. On the other hand,
assuming that the same (or probably better) signal propagation quality can be ob-
tained with W = 2 umwide HTSC lines, the calculated number of interconnect layers
in Fig. 1-8isonlys = 2.68. In other words, if the HTSC linewidth were reduced to W
= 1.5 um, the whole MCM could be wired with only 2 HTSC signal layers. This is a
vast improvement over 61 copper signal interconnect layers (or more relevantly, 93
total metal layers including ground planes). These ac and dc results are plotted versus
MCM size in Fig. 1-5. Figs. 1-7 and 1-8 show the dc only results and plots for a similar
case using larger, 1cm 30K gate chips with 700 signal I/O pads, also flip-chip mounted.
Numerous other cases have been analyzed, with all of them showing substantial to
dramatic advantages for HTSC interconnects as the MCM sizes increase.

As is obvious from the foregoing discussion, and Figs. 1-3 through 1-8, there is a
strong need for an HTSC multi-layer interconnect technology in order to practically
implement large maximal density MCMs having large numbers of high I/O count VLSI
die. Having est2blished the need for HTSC materials in MCMs, the next issue is the
requirements n the HTSC technology to effectively address these needs. One very
important issue is the dielectric. For the system to operate at a clock frequency
approaching the maximum clock frequency of the IC’s the interconnect propagation
delay, t,q must be small in comparison to tjog.. Typically, where maximum perfor-
mance is desired, an effort will be made to keep tpd to 20 percent or so of the clock
cycle time, ty.x =1/f.. Hence, for anf, = 100 MHz clock frequency, we would like
a worst case interconnect delay of 20 percent of 1Uns or tpd = 2ns. Fora 6" MCM with
a longest case L = 12" line, this would require an electromagnetic propagation
velocity, vy, of v, = 15.24 cm/ns or a unit delay of /vy = 167 ps/inch. For alossless
interconnect line fully imbedded in a dielectric (eg. stripline configuration) of relative
dielectric constant ¢ . from Ec. 1, this would require that the dielectric constant

cannot exceed £, = 3.9. Clearly this excludes the use of the usual LaAlO; HTSC
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growth substrates ( €, = 26) as the signal interconnect dielectric, as its stripline

velocity (v, = 5.88 cm/ns or /v, = 432 ps/inch) is several times slower than desired
and would make this worst-case line delay, tod » OVer half of the 100 MHz clock period,
an unacceptable performance penalty. Dielectrics such as silicon dioxide (&, = 3.9)

and many polyimides would be acceptable (although the corrosive nature of some
polyimides, might destroy the HTSC materials), but a low dielectric constant polymer
such as benzocyclobutene (BCB) with €, = 2.65 (vp = 18.42 cm/ns or v, =138

ps/inch) would be better (and BCB is low-loss and non-corrosive in nature, so it might
be less likely to degrade the HTSC conductors) Fig. 1-9 shows the variation of the unit
delay 1/vp, of transmission lines as a function of ¢ . While & , <4 values are certainly

desirable, if MgO - like or C,F, - like dielectric constants (e, =9 or less) were

necessitated by the HTSC technology, this would probably be acceptable.

Another critical issue from the standpoint of HTSC technology is the pulsed current
densities that the signal interconnect lines must support. These are shown in Fig. 1-10
for both the case of load-terminated (ECL or GaAs) and source - terminated, open
load (CMOS - like) transmission line interconnects. For ECL or GaAs, the peak
currents required are about 22 ma, with a dc component present, while SV CMOS
requires =50 ma pulses (of dur~tion 2 tpd)s pure ac. If we assume a lum X 2um

HTSC conductor, the pulsed current densities are respectively 1.1 X 10° A/cm? and

2.5 x 10°A/cm?. While these pulse values cannot be directly related to the dc critical
current density value, J., dc J, values substantially higher than these numbers have
been demonstrated in high quality HTSC films. It is also worth noting that the loss of
the pure superconducting state in most HTSC materials is somewhat “soft” near J,
and for this application, the interconnect conductor need not have zero resistance
(several ohms is certainly OK), allowing for higher current density operation.

Applicabilily of Superconducling Interconnection 1-10
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